The function of natural killer (NK) cells is regulated by a finely tuned balance of signals delivered by inhibitory and activating receptors. 1, 2 The inhibitory receptors specific for major histocompatibility complex (MHC) class I molecules can dampen NK-cell effector function upon appropriate ligation. These include killer immunoglobulin (Ig)-like receptors (KIRs) in humans, Ly49 in mouse, and CD94/NKG2A heterodimers in both species. [3] [4] [5] [6] [7] [8] In humans, KIRs can harbor 2 (KIR2D) or 3 (KIR3D) extracellular C2-type Ig-like domains. KIRs recognize groups of MHC class I molecules that are determined by amino acid position in the C-terminal portion of the MHC class I ␣1 helix. 9 On the other hand, CD94/NKG2A recognizes the nonclassical MHC class I molecule human leukocyte antigen E (HLA-E) in humans 10 and Qa1 in mice. 11 The interactions between MHC class I molecules and their inhibitory receptors are thought to play a major role in the mechanisms of self-tolerance during NK-cell effector phases. Indeed, missing or low self-MHC expression results in NK-cell activation and induction of target cell lysis.
Introduction
The function of natural killer (NK) cells is regulated by a finely tuned balance of signals delivered by inhibitory and activating receptors. 1, 2 The inhibitory receptors specific for major histocompatibility complex (MHC) class I molecules can dampen NK-cell effector function upon appropriate ligation. These include killer immunoglobulin (Ig)-like receptors (KIRs) in humans, Ly49 in mouse, and CD94/NKG2A heterodimers in both species. [3] [4] [5] [6] [7] [8] In humans, KIRs can harbor 2 (KIR2D) or 3 (KIR3D) extracellular C2-type Ig-like domains. KIRs recognize groups of MHC class I molecules that are determined by amino acid position in the C-terminal portion of the MHC class I ␣1 helix. 9 On the other hand, CD94/NKG2A recognizes the nonclassical MHC class I molecule human leukocyte antigen E (HLA-E) in humans 10 and Qa1 in mice. 11 The interactions between MHC class I molecules and their inhibitory receptors are thought to play a major role in the mechanisms of self-tolerance during NK-cell effector phases. Indeed, missing or low self-MHC expression results in NK-cell activation and induction of target cell lysis.
Early stages of tissue damage, secondary to invasion of pathogen, including viruses, are associated with the recruitment and local activation of both dendritic cells (DCs) and NK cells. 12, 13 The majority of peripheral blood NK cells are characterized by the CD56 dull CD16 ϩ KIR and/or NKG2A ϩ surface phenotype and express constitutively chemokine receptors such as CXCR1, CX3CR1, and ChemR23. On the other hand, the minor peripheral blood CD56 bright CD16 Ϫ KIR Ϫ NKG2A ϩ NK-cell subset expresses C-C chemokine receptor type 7 (CCR7). [14] [15] [16] [17] Based on their chemokine receptor profile it is conceivable that CD56 dull CD16 ϩ cells are recruited mainly into inflamed peripheral tissues, whereas CD56 bright CD16 Ϫ cells are attracted to secondary lymphoid compartments (SLCs) such as lymph nodes, in response to C-C chemokine ligand (CCL)-19 and CCL21. 18 Accordingly, in inflamed peripheral tissues, NK cells are represented mostly by CD56 dull CD16 ϩ cells and express CXCR1 and ChemR23, 17 whereas within normal noninflamed lymph nodes, NK cells are homogeneously characterized by the CD56 bright CD16 dull/Ϫ KIR Ϫ NKG2A ϩ surface phenotype. 14, 15, 19, 20 These NK cells are localized in the paracortical T-cell areas and are high interferon-gamma producers but display low cytolytic activity. Although these different pathways of NK-cell recruitment reflect the constitutive expression of different sets of chemokine receptors, another mode of NK-cell migration to lymph nodes has recently been described for the CD56 dull CD16 ϩ NK-cell subset. When exposed to exogenous interleukin-18 (IL-18) these cells de novo express surface CCR7 and respond to CCL19 and CCL21. 21 On the basis of these observations it has been proposed that CD56 dull CD16 ϩ NK cells, recruited into inflamed tissues (where proinflammatory cytokines/ chemokines favor their interaction with DCs), 12, [22] [23] [24] may exert an instructive activity on naive T-cell priming. This may occur by different mechanisms: (1) NK cells induce DC polarization resulting in the production of high levels of IL-12, which, in turn, would promote type 1 T-cell responses. This mechanism does not require that tissue-activated NK cells migrate to lymph nodes. 25, 26 ( 2) NK cells exposed to IL-18 (released by pathogen-activated APCs) migrate to lymph nodes, enter into the paracortex area where they can interact with both DCs and T cells and thus regulate T-cell responses. 21, 27, 28 After recruitment and activation within inflamed peripheral tissues, NK cells acquire the ability to kill DCs ("editing process") and to exert cytolytic activity against transformed or infected target cells. Therefore, they represent an early barrier against pathogen invasion. Notably, the editing process is selectively mediated by NK cells expressing the KIR Ϫ NKG2A ϩ phenotype, which kill DCs expressing low levels of HLA-E. On the other hand, mature DCs (mDCs) become resistant to lysis as a result of the upregulation of HLA-E surface expression. 29 In addition, KIR Ϫ NKG2A ϩ NK cells, upon interaction with DCs, release cytokines (tumor necrosis factor-alpha and granulocyte/macrophage colony stimulating factor) that facilitate DC maturation. 16 On the contrary, KIR ϩ NK cells are unable to kill DCs and thus do not participate in the DC editing process. This reflects the interaction of the inhibitory KIR with classical HLA-class I molecules, expressed in sufficient amounts on both immature and mature DCs. On the other hand, in inflamed tissues, KIR ϩ NK cells can kill target cells expressing low levels of HLA class I as a result of viral infection or tumor transformation.
The definition of "alloreactive" applies to KIR ϩ NKG2A Ϫ NK cells that selectively express KIR that are not engaged by the HLA-class I alleles present on target cells. 3, [30] [31] [32] Alloreactive NK cells have been shown to play a crucial role in the successful therapy of high-risk acute myeloid leukemia or acute lymphoid leukemia in the haploidentical hematopoietic stem cell transplantation (HSCT) setting both in adults and in children. [33] [34] [35] Patients who received a transplant from an NK alloreactive donor benefited from higher rates of engraftment and reduced incidence of graft-versus-host disease (GVHD). Both clinical and experimental data in a murine model suggested that alloreactive NK cells could play a crucial role in preventing donor T-cell priming and subsequent GVHD by killing recipient APCs within lymph nodes. 33 However, because KIR ϩ NK cells normally do not express CCR7, 16 it was unclear how donor NK cells could migrate to lymph nodes and kill recipient DCs.
In this study, we show that KIR ϩ CD56 dull NK cells rapidly express surface CCR7 upon interaction with either mature monocytederived DCs (MoDCs) or Epstein-Barr virus (EBV)-transformed B cells, and acquire migratory properties toward lymph nodeassociated chemokines. This phenomenon that is due to uptake of CCR7 from target cells appears to be tightly regulated by KIR/HLAclass I interactions. Indeed, in the case of KIR/HLA-class I mismatches (as in haploidentical HSCT), CCR7 uptake is confined to alloreactive NK cells.
Methods

Cell preparations
Peripheral blood mononuclear cells were derived from healthy donors by Ficoll-Hypaque gradients (Sigma-Aldrich) and purified by negative selection, using NK cell isolation Kit II (Miltenyi Biotec GmbH). The purity of NK cells was more than 98% as assessed by flow cytometric analysis. Myeloid DCs were generated from monocytes purified by CD14 MicroBeads human Isolation Kit (Miltenyi Biotec GmbH) derived from peripheral blood mononuclear cells of healthy donors. 36 Monocytes were cultured in RPMI 1640 containing 10% fetal calf serum (FCS), in the presence of IL-4 and granulocyte/macrophage colony stimulating factor (Pepro Tech) at final concentrations of 20 ng/mL and 50 ng/mL, respectively. After 6 days of culture, cells were characterized by the CD14 Ϫ CD1a ϩ CD83 Ϫ phenotype corresponding to immature DCs (iDCs). 29 To generate CD83 ϩ CD86 ϩ mDCs, iDCs were stimulated with lipopolysaccharide (LPS; Sigma-Aldrich) at a final concentration of 1 g/mL.
To obtain polyclonally or clonally activated NK cells, freshly isolated NK cells were cultured on irradiated feeder cells in the presence of 100 U/mL recombinant human IL-2 (Proleukin; Chiron) and 1.5 ng/mL phytohemagglutinin (GIBCO Ltd). 36 The medium used throughout the experiments was RPMI 1640 medium supplemented with 2 mM L-glutamine, 1% penicillin-streptomycinneomycin mixture, and 10% heat-inactivated FCS.
Approval was obtained from the University of Genoa Review Board. Informed consent was provided according to the Declaration of Helsinki.
Freshly purified NK cells or polyclonal or clonally IL-2-activated NK cells were stimulated with different cell lines and with immature or mature MoDCs or with different cytokines such as recombinant human IL-18 at 0.1 g/mL (Biosource International Inc) in the presence or in the absence of anti-HLA I monoclonal antibodies (mAbs). These experiments were also performed either in the presence or in the absence of the antagonistic anti-IL-18 mAb (0.5 g/mL; MBL).
NK cells were plated at 10 6 cells/mL in round-bottom 96-well tissue culture plates (Corning Costar); in coculture experiments, NK cells were mixed with targets at an effector-to-target cell (E/T) ratio of 1:1, spun down for 3 minutes at 159g, and incubated for different time points at 37°C in 5% CO 2 . Next, NK cells were directly assessed for surface phenotype, cytolytic activity, and cytokine production. 36 
Migration assay
Chemotaxis of NK cells was measured by migration through a polycarbonate filter with 3.0-m pore size in 24-well Transwell chambers (Corning Costar) with the use of RPMI/10% FCS as assay medium. Assay medium (600 L) containing 10 or 250 ng/mL CCL19 or CCL21 (Pepro Tech) was added to the lower chamber. Assay medium alone (600 L) was used as control for spontaneous migration. NK cells (2 ϫ 10 5 ) stimulated or not were added to the upper chamber in a total volume of 100 L. After 3 hours of incubation at 37°C, cells that had migrated to the bottom chamber were counted by flow cytometry, acquiring events for a fixed time period of 60 seconds, and counted by optical microscopy. The number of spontaneously migrated cells was subtracted from the total number of migrated cells. Values are given as the chemotactic index compared with migration of unstimulated NK cells. 28 
Reverse-transcription PCR analysis
Total RNA was extracted from 221 lymphoblastoid cell line, NK-cell populations, and NK-cell populations sorted after coculture with 221 cell line using RNAeasy Micro Kit (QIAGEN). Oligo (dT)-primed cDNA was prepared by standard technique using Transcriptor (Roche). Polymerase chain reaction (PCR) amplifications were performed with primers described in supplemental data (available on the Blood website; see the Supplemental Materials link at the top of the online article). Amplifications were performed for 30 cycles (30 seconds at 95°C, 30 seconds at 58°C, 1 minute at 68°C) using Platinum TAQ (Invitrogen). PCR products were run on a 0.8% agarose gel and visualized by ethidium bromide staining.
Confocal microscopy
NK-cell populations were mixed with HEK293 cells stably transfected with CCR7/green fluorescent protein (GFP) for 30 minutes at 37°C. After this period, cells were loaded on poly-lysine-coated slides (Menzel-Gläser), fixed with 2% paraformaldehyde in phosphate-buffered saline, and stained with ECM17 mAb (anti-CD11a, IgM) followed by AlexaFluor-546 goat anti-mouse IgM antibody (Molecular Probes). Samples were analyzed using a Leica TCS SL confocal system (Leica Microsystems) with a 63ϫ objective. Samples were excited at 488 and 546 nm. Images were analyzed with the standard Leica confocal software.
Results
De novo expression of CCR7 in CD56 dull CD16 ؉ NK cells upon interaction with lymphoblastoid B-cell lines
In these experiments we evaluated whether human NK-cell interaction with either tumors or virally infected cells would modify the pattern of expression of CCR7, a chemokine receptor crucial for conferring the ability to migrate to lymph nodes. Purified peripheral blood NK cells were cocultured with different HLA-class Inegative target cells including K562, FO1, and LCL 721.221 (referred to as 221) cell lines that are all susceptible to NKmediated cytolysis. At different time intervals, NK cells were analyzed for the expression of informative surface markers including CCR7. As shown in Figure 1A , a fraction of NK cells expressed CCR7 upon interaction with 221, but not with the other target cells analyzed. In 12 different experiments, using different donors, the range of CCR7 ϩ CD56 dull NK cells after coculture was 12% to 49% (mean, 34.2%). Notably, this expression was confined to the CD56 dull CD16 ϩ subset. The levels of CCR7 expressed in this NK-cell subset were higher than those expressed by CD56 bright CD16 Ϫ NK cells (either constitutively or after coculture with 221 cells). The expression of CCR7 after NK-cell exposure to 221 occurred rapidly after as few as 15 minutes. For comparison, the same NK cells were analyzed for the expression of CCR7 induced upon culture in the presence of IL-18. 21 In this case, CCR7 expression was detectable after approximately 18 hours of incubation ( Figure 1B) . Remarkably, the 221-induced CCR7 expression preceded the NK-cell degranulation induced upon interaction with 221 cells. Indeed surface CD107a was not detected in NK cells already expressing CCR7 ϩ soon after exposure to 221 cells ( Figure 1C ). Analysis of the KIR surface phenotype revealed that the de novo expression of CCR7 in NK cells cultured with the 221 cell line was detectable in both KIR ϩ and KIR Ϫ CD56 dull NK cells ( Figure 1D ). Similar results were obtained upon NK-cell exposure to IL-18, whereas no CCR7 expression was detectable when the same NK cells were cultured alone.
The acquisition of CCR7 upon interaction with lymphoblastoid B cells is regulated by HLA-class I/inhibitory NK receptor interaction
To assess whether the induction of CCR7 expression could be regulated by the interaction of inhibitory NK receptors with HLA-class I molecules NK cells were cocultured with another B-EBV-cell line (Alina) that, different from 221 cells, is characterized by the expression of surface HLA-class I molecules. In other experiments NK cells were cocultured with 221 cell transfectants expressing either HLA-CW3 or HLA-CW4. 37 As shown in Figure 2A , all these EBV cell lines displayed a sharply reduced ability to induce CCR7 expression on NK cells compared with untransfected 221 cells. However, CCR7 expression on NK cells could be greatly enhanced when anti-HLA-class I mAbs were added to these cocultures. For example, only 9% of NK cells cultured with Alina cells expressed CCR7, whereas in the presence of anti-HLAclass I mAb CCR7 ϩ NK cells were 35%. Similarly, CCR7 was acquired by only a small fraction of NK cells cocultured with 221 cells transfected with HLA-C, whereas its expression was highly increased when the same cocultures were performed in the presence of anti-HLA- class I mAb. Altogether these data indicate that the interaction between HLA-class I molecules expressed on B-EBV cell lines and HLAspecific inhibitory receptors on NK cells prevents the induction of CCR7 expression on the CD56 dull CD16 ϩ subset.
Next we investigated the receptor/ligand interaction(s) that is responsible for the induction of CCR7 expression in NK cells. In these experiments a panel of antibodies specific for different triggering receptors or coreceptors, 38 or for adhesion molecules, was used to assess their ability to inhibit CCR7 expression in NK cells cocultured with 221 cells. As shown in Figure 2B , antibodies to CD2 (or leukocyte function-associated antigen 3 [LFA-3]) and LFA-1, alone or in combination, had a strong inhibitory effect, although some degree of inhibition was detected with anti-NKp46 mAb (not shown). Antibodies specific for other activating receptors including NKp30, 2B4, NTBA (NK-, T-, and B-cell Antigen), NKG2D, and DNAM-1 (DNAX accessory molecule 1) did not inhibit CCR7 expression (not shown).
Induction of CCR7 on NK cells cocultured with dendritic cells
To evaluate whether NK cells would express CCR7 upon exposure to DCs, that is, a physiologic cellular interaction regulating both innate and adaptive immune responses, purified peripheral blood NK cells were cocultured with either immature or mature (LPSinduced) MoDCs. [22] [23] [24] These experiments were performed both in the absence and in the presence of anti-HLA-class I mAb. As shown in Figure 3A , only few CD56 dull NK cells expressed CCR7 when cocultured with immature DCs (iDCs) and no increased expression was detected in the presence of anti-HLA-class I mAb. In addition, coculture of NK cells with mDCs did not result in substantial CCR7 expression. However, when anti-HLA-class I mAb was added to the cultures, strong increase of CCR7 ϩ NK cells was detected. The range of CCR7 ϩ CD56 dull NK cells after interaction with mDCs in the presence of anti-HLA-class I mAbs was 12% to 37% in 10 different donors (mean, 27.3). Thus, NK cells appear to express CCR7 upon interaction with mDCs (and not iDCs). Moreover, also in this case, HLA-specific inhibitory NK receptors appear to play a crucial regulatory role. Because DCs can release IL-18, 39 to rule out that expression of CCR7 was induced by mDC-derived IL-18, control cultures were established in the presence of a neutralizing anti-IL-18 mAb (together with anti-HLAclass I mAb). As shown in Figure 3A , no inhibitory effect occurred. On the other hand, anti-IL-18 mAb inhibited the CCR7 expression induced by exogenous IL-18. Thus the expression of CCR7 induced by DCs is not due to IL-18 released by DCs themselves. This conclusion is further supported by the finding that analysis of the time course of CCR7 induction revealed a rapid expression (similar to that observed in cocultures with EBV cell lines), not compatible with the time interval required for IL-18-dependent expression. Indeed, CCR7 ϩ NK cells were detected after only 1 hour of coculture with mDCs ( Figure 3A ). In addition, in this case, the cells that acquired CCR7 belonged to both KIR ϩ and KIR Ϫ CD56 dull NK cells ( Figure 3B ).
The de novo expression of CCR7 confers to NK cells the ability to migrate in response to SLC chemokines
The expression of CCR7 was previously shown to correlate with the ability of NK cells to migrate in response to CCL19 and/or CCL21, that is, typical chemokines released within SLCs. 15 We thus analyzed whether also NK cells that had acquired CCR7 after coculture with either 221 cells or mDCs would display this functional property. NK cells in which CCR7 was induced by IL-18 were used as positive control. 21 As shown in Figure 4A , both CCR7 ϩ NK-cell populations migrated in a similar fashion in response to CCL19 or CCL21. Because both KIR ϩ and KIR Ϫ NK cells de novo expressed CCR7, we further analyzed the KIR phenotype of NK cells before and after migration. As shown in Figure 4B , approximately the same proportion of KIR ϩ cells could be detected in NK cells before or after migration. Similar results were obtained with NK cells exposed to mDCs (not shown). Thus, the de novo expression of CCR7 by NK cells is accompanied by the acquisition of migratory properties in response to SLC chemokines.
Alloreactive NK cells express CCR7 after exposure to allogeneic DCs
As shown in Figures 2A and 3A , the acquisition of CCR7 by NK cells interacting with either B-EBV cells or mDCs is regulated by For personal use only. on June 13, 2017. by guest www.bloodjournal.org From the interactions between inhibitory receptors and HLA-class I molecules (Figures 2-3) . A previous study 29 indicated that in an autologous setting only a small percentage of NK cells characterized by the KIR Ϫ NKG2A ϩ phenotype was capable of killing mDCs. However, in the presence of anti-HLA-class I antibodies, most NK cells including the KIR ϩ ones could kill autologous mDCs. On the other hand, when alloreactive NK cells were used as effectors, killing of mDCs occurred also in the absence of inhibitory mAb. To better understand the correlation between CCR7 expression and inhibitory receptor-mediated signaling, we selected NK-cell clones expressing the appropriate KIR phenotype and analyzed whether they displayed alloreactivity against mDCs from allogeneic donors and whether this function correlated with the acquisition of CCR7. To this end, we used mDCs from donors expressing HLA-C alleles belonging to the C1 specificity and NK-cell clones expressing either C1-specific or C2-specific KIRs. 34 As shown in Figure 5A , 2 different clones expressing KIR2DL1 (C2 specific) displayed alloreactivity against (ie, lysed) the allogeneic C1 ϩ /C1 ϩ mDCs used as target cells. On the other hand, no DC killing occurred with autologous NK clones expressing KIR2DL2 or KIR2DL3 (C1 specific). Killing, however, was restored in the presence of anti-HLA-class I mAb. 34 The same NK clones were analyzed for CCR7 expression after coculture with the same C1 ϩ /C1 ϩ mDCs. As shown in Figure 5B and Table 1 , both KIR2DL1 ϩ and KIR2DL2 ϩ clones acquired CCR7 in the presence of anti-HLA-class I mAb. However, only KIR2DL1 ϩ clones expressed CCR7 in the absence of anti-HLA-class I mAb. These experiments clearly indicate that, upon interaction with allogeneic mDCs, the expression of CCR7 (and the ability to mediate cytotoxicity) is a peculiarity of alloreactive NK cells, although it does not occur with autologous KIR ϩ NK cells. For personal use only. on June 13, 2017. by guest www.bloodjournal.org From Next, to understand whether NK cells acquiring CCR7 were those undergoing the licensing/education process, [40] [41] [42] we analyzed peripheral blood NK cells from C1 ϩ /C1 ϩ donors, lacking most activating KIRs (KIR haplotype A), 7 that had been cocultured with 221 cells. As shown in Figure 5C , uptake of CCR7 was virtually absent in unlicensed cells, lacking KIR2DL2/3, KIR3DL1, and NKG2A (ie, the inhibitory receptors for self-HLA-class I molecules). Unlicensed cells represented 6% of NK cells and included both KIR2DL1 single-positive (42%) and KIR/NKG2A doublenegative (58%) cells. Comparison between NK cells expressing a single self-reacting KIR (KIR2DL2/3) and cells expressing more than 1 inhibitory receptor did not reveal significant differences in CCR7 uptake ( Figure 5C ).
NK cells acquire CCR7 by a mechanism of trogocytosis
The finding that NK cells acquire CCR7 upon interaction with certain cell types prompted us to analyze whether this event could be related to peculiar properties of the cells interacting with NK cells. The EBV cell lines capable of inducing CCR7 expression on NK cells were characterized by high levels of surface CCR7 (not shown). On the contrary, cell lines such as K562 and FO1, unable to induce CCR7 expression, were CCR7 negative. In addition, comparison of the CCR7 expression by iDCs or mDCs revealed that only mDCs express high levels of CCR7 ( Figure 6A ). These data suggested that the acquisition of CCR7 by NK cells might Natural killer (NK)-cell clones expressing either C1-specific or C2-specific killer immunoglobulin-like receptors were analyzed by immunofluorescence and fluorescenceactivated cell-sorting analysis for the expression of C-C chemokine receptor type 7 (CCR7) molecule after 1 hour of coculture with mature dendritic cells (mDCs) from donors expressing human leukocyte antigen (HLA)-C alleles belonging to the C1 specificity, in the absence or presence of anti-HLA class I monoclonal antibody. 
UPTAKE OF CCR7 BY KIR
a mechanism of uptake from CCR7 ϩ cells. In line with this possibility, the de novo expression of CCR7 by NK cells was detectable after only few minutes of coculture with EBV cell lines ( Figure 1B) or mDCs ( Figure 3A) . Direct evidence that CCR7 surface expression is due to uptake from other cells and not to de novo transcription/synthesis was obtained in experiments in which CCR7-negative NK cells cocultured with 221 cells were isolated by cell sorting and analyzed by reverse-transcription (RT)-PCR for CCR7 mRNA. As shown in Figure 6B , these NK cells acquired CCR7 surface molecules but did not express CCR7 mRNA.
To obtain further evidence that CCR7 was indeed passively acquired from other cells by a phenomenon termed "trogocytosis," [43] [44] [45] [46] [47] we analyzed cell transfectants generated using the CCR7-negative human HEK293 cell line. These cell transfectants, expressing either GFP or CCR7/GFP, were cocultured with IL-2-activated NK cells. As shown in Figure 7A , when cocultured with untransfected or GFP-transfected HEK293 cells, NK cells did not express CCR7 (top panels). In contrast, they expressed CCR7 when cultured with CCR7/GFP ϩ HEK293 cells (Figure 7A middle  panel) . The finding that CCR7 ϩ NK cells were also GFP ϩ ( Figure 7A bottom panels) indicates that CCR7 was transferred to NK cells from CCR7/GFP ϩ HEK293 cells. Similar results were obtained also in cocultures of NK cells and CCR7/GFP ϩ Chinese hamster ovary (CHO) cell transfectants. Because CHO cells grow as adherent cells, NK cells could be easily isolated after coculture and analyzed for the persistence of CCR7 at different time intervals. As shown in Figure 7B , the surface expression of CCR7 was decreased after only 1 hour and was undetectable after 24 hours. Further support for the concept that CCR7 was taken up by NK cells was provided by experiments of confocal microscopy. As shown in Figure 7C , polyclonal IL-2-activated NK cells that had been cocultured with HEK293-CCR7/GFP ϩ cells for 15 to 30 minutes became GFP ϩ , thus indicating that CCR7/GFP was transferred from HEK293 cell transfectants to NK cells by a mechanism of uptake.
Discussion
This study demonstrates that NK cells may take up CCR7 molecules upon interaction with CCR7 ϩ cells and acquire the ability to migrate to secondary lymphoid organs. Because both mDCs and certain tumor-or virus-infected cells express CCR7, the encounter of NK lymphocytes with these cells in inflamed peripheral tissues may redirect NK cells to lymph nodes. The finding that the acquisition of CCR7 is regulated by the interaction between MHC class I and inhibitory NK receptors confers to these data important implications both in antitumor responses and in allogeneic HSCT.
Upon coculture with EBV-transformed cells or LPS-induced mDCs, both fresh and in vitro CD56 dull expanded NK cells de novo expressed surface CCR7 receptors and acquired migratory properties in response to SLC chemokines. This phenomenon was induced upon NK-cell activation by several surface NK receptors displaying adhesion/ activating properties including LFA-1, CD2, and in part NKp46. On the other hand, the interaction between KIR and HLA-class I molecules exerted a marked inhibitory effect. Accordingly, NK-cell interaction with CCR7 ϩ target cells lacking surface HLA class I (such as the 221 cell line) resulted in high levels of CCR7 expression. Moreover, when KIR ϩ NK cells interacted with mDCs, CCR7 was acquired only in the presence of KIR/KIR-ligand mismatches. This condition occurs in haploidentical HSCT to cure high-risk leukemias. 33 Although recipient DCs express high levels of HLA-class I molecules, they express HLA-class I alleles that are not recognized by KIRs expressed by a subset of donor NK cells. These KIR ϩ NK cells referred to as alloreactive do not express the CD94/NKG2A receptor, specific for HLA-E (present on all HLA-class I ϩ cells), and/or other KIR recognizing HLA-class I alleles expressed by the recipient. 34 Alloreactive NK cells kill KIR-ligand-mismatched leukemic blasts and play a crucial role in eradicating high-risk acute myeloid as well as lymphoid leukemias in the T cell-depleted haploidentical HSCT. It is of note that in this transplantation setting, all cases are at high risk of T cellmediated alloreactivity both in the host-versus-graft and in the graftversus-host direction. Remarkably, however, patients who received a transplant from an NK-alloreactive donor benefit from higher rates of engraftment and reduced incidence of GvHD. 34, 35 It has been proposed that the low rate of GVHD is consequent to the inefficient priming of (the few) alloreactive donor T cells due to the NK cell-mediated killing of recipient APCs. In agreement with this concept, in vitro studies showed that alloreactive NK cell clones kill allogeneic mature MoDCs. 29 Importantly, alloreactive NK cells predominantly attack the hematopoietic cells of the host (including DCs, T cells, and leukemic cells) while sparing other tissues that are common targets for T cell-mediated GVHD. Some of these target cells might be killed within peripheral tissues but conceivably the elimination of DCs should occur primarily within SLCs and should play a major role in preventing graft-versushost reactions. Indeed, it is mainly at these sites that patient DCs would prime donor allospecific naive T cells. Thus, as suggested by our present study, the newly acquired migratory capability of alloreactive NK cells to lymph nodes may greatly enhance the likelihood of their interaction with DCs and T cells.
We show that the acquisition of CCR7 by NK cells from CCR7 ϩ targets occurs rapidly and precedes cytolysis. This might be important to allow the uptake of CCR7 by bystander NK cells before elimination of target cells. The encounter and the close contact between KIR ϩ NK cells and DCs would take place within inflamed peripheral tissues. 26 Notably in an autologous setting, under physiologic conditions, KIR ϩ NK cells are unable to kill HLA-class I ϩ mDCs. 29 Along this line, our experiments on NK cell clones show that these NK cells do not kill mDCs and do not acquire CCR7 from them. Because the mechanisms of KIR/HLA recognition regulating the NK cell-mediated cytolysis and the uptake of CCR7 are largely overlapping, it is likely that, in the absence of alloreactivity, only CCR7 ϩ target cells that have undergone tumor transformation or viral infection would deliver CCR7 to NK cells. Indeed, we show that KIR ϩ NK cells can efficiently acquire CCR7 from either HLA-negative or KIR-ligandmismatched EBV-transformed cells. In the first case, most licensed NK cells (including both KIR ϩ and NKG2A ϩ ones) acquired migratory properties because none of the inhibitory receptors was engaged ( Figure 5C ). In the second case (221 cell line transfected with different HLA-C alleles) only NK cells lacking the relevant KIR and/or NKG2A acquired CCR7 ( Figure 5B and Table 1 ).
The analysis of NK-cell clones revealed that, upon NK/DC interaction, the acquisition of CCR7 was confined to classical alloreactive NK cells. Thus, it is conceivable that, in vivo, alloreactive NK cells, upon migration into SLCs, kill recipient mDCs present in these compartments. Indeed, lymph noderesident NK cells (CD56 bright , KIR Ϫ , NKG2A ϩ ) different from alloreactive NK cells (CD56 dull , KIR ϩ , NKG2A Ϫ ) have a reduced perforin content and are poorly cytolytic. 14 Notably however, an increased number of KIR ϩ NK cells have been described within lymph nodes undergoing paracortical/follicular hyperplasia. This finding was interpreted as a de novo expression of KIRs by lymph node-resident NK cells after inflammation. 48 On the other hand, based on our present data as well as on the report by Mailliard et al, 21 it is also conceivable that at least some KIR ϩ NK cells detected in lymph nodes may not have acquired KIRs at these sites.
Previous studies showed that the KIR Ϫ NKG2A ϩ CD56 dull NK-cell subset is responsible for the process of DC editing based predominantly on killing of iDCs. 29 However, this NK-cell subset in most instances fails to kill mDCs. In agreement with these data, we show that KIR Ϫ NKG2A ϩ cells cocultured with either autologous or allogeneic mDCs could acquire CCR7 only in the presence of anti-NKG2A mAbs (ie, upon disruption of the inhibitory interaction between NKG2A and HLA-E).
Regarding the mechanism of CCR7 transfer from CCR7 ϩ cells to NK cells, the capture of cell membrane molecules from bystander cells was previously reported to occur both in vitro [43] [44] [45] [46] [47] and in vivo. 49 This intercellular transfer involved several cell surface molecules in different cell types including T and B lymphocytes and NK cells as well as APCs and tumor cells. This mechanism, also termed trogocytosis (from the ancient Greek trogo, meaning gnaw), may represent a vector for rapid intercellular communication. 45 Importantly, surface molecules acquired from other cell types could modify not only phenotypic but also functional characteristics of the recipient cells. It has also been proposed that the capture of target cell membrane fragments by NK cells may reflect recognition of specific ligands by NK receptors and the formation of an immunologic NK synapse. 44, 46 In line with this concept, we show that both activating and inhibitory NK receptors seem to control this process. On the other hand, although the NK receptors that control the CCR7 uptake or the cytolytic activity may be largely overlapping, the transfer of target cell molecules to NK cells does not appear to require killing of target cells as suggested by studies in perforin-deficient mice 50 and by the time required for acquisition of CCR7 and for expression of CD107a.
In conclusion, our findings suggest a novel mode by which alloreactive KIR ϩ NK cells can migrate to lymph nodes, kill recipient DCs, and thus prevent priming of alloreactive donor T cells and induction of GVHD. Finally, it is also possible that alloreactive NK cells may play a relevant role in preventing host-versus-graft reactions by killing recipient T cells both in lymph nodes and in peripheral tissues.
